Initiation of DNA replication in eukaryotes is exquisitely regulated to ensure that DNA replication occurs exactly once in each cell division. A conserved and essential step for the initiation of eukaryotic DNA replication is the loading of the mini-chromosome maintenance 2-7 (MCM2-7) helicase onto chromatin at replication origins by Cdt1. To elucidate the molecular mechanism of this event, we determined the structure of the human Cdt1-Mcm6 binding domains, the Cdt1(410-440)/MCM6(708-821) complex by NMR. Our structural and site-directed mutagenesis studies showed that charge complementarity is a key determinant for the specific interaction between Cdt1 and Mcm2-7. When this interaction was interrupted by alanine substitutions of the conserved interacting residues, the corresponding yeast Cdt1 and Mcm6 mutants were defective in DNA replication and the chromatin loading of Mcm2, resulting in cell death. Having shown that Cdt1 and Mcm6 interact through their C-termini, and knowing that Cdt1 is tethered to Orc6 during the loading of MCM2-7, our results suggest that the MCM2-7 hexamer is loaded with its C terminal end facing the ORC complex. These results provide a structural basis for the Cdt1-mediated MCM2-7 chromatin loading.
INTRODUCTION
To maintain genome integrity, DNA replication in eukaryotic cells is tightly regulated to ensure that the genome is replicated exactly once per cell cycle. This regulation is achieved through a two-step mechanism, the loading of the replicative DNA helicase, which includes the MCM2-7 complex as a major component and activation of this helicase (1) .
The loading of the MCM2-7 complex requires the coordinated action of several proteins, most notably the six-subunit origin recognition complex (ORC), the cell division cycle 6 homolog (Cdc6), the chromatin licensing and DNA replication factor 1 (Cdt1) (2, 3) . The first step of this process is the binding of ORC to the replication origin on newly synthesized chromatin followed by the recruitment of Cdc6 and Cdt1. These two factors then recruit the MCM2-7 complex to form a prereplicative complex (pre-RC) during the late M and G1 phases (4, 5) . Activation of the pre-RC requires the sequential assembly of additional factors including Cdc45 and the GINS complex in a DDK-and S-CDK-dependent manner, culminating in the initiation of DNA replication in S-phase (6, 7) .
The MCM2-7 complex was first identified as a family of genes required for minichromosome maintenance in Saccharomyces cerevisiae (8) . All six paralogous MCM proteins belong to the highly diversified AAA+ (ATPases associated with a variety of cellular activities) protein family (9) . Structural analysis showed that the six MCM proteins form a double hexameric ring with head-to-head configuration, and DNA passes through the central channel of the double hexamer (10) (11) (12) . The hexamer shows weak helicase activity in vitro (13) (14) (15) .
The licensing factor Cdt1 is a critical component of the pre-RC, and its primary function is to recruit the MCM2-7 complex to the replication origin (16) . Overexpression of Cdt1 alone in many types of mammalian cell lines causes rereplication of DNA (17) (18) (19) .
Recently results showed that the Cdt1MCM2-7 hepatmer is loaded onto DNA cooperatively to form a double hexamer (12) . Previous studies on the interactions between Cdt1 and individual members of the MCM2-7 complex showed that Cdt1 interacts with Mcm2 and Mcm6 (16, (20) (21) (22) . The region of Cdt1 involved in the MCM2-7 interaction has been defined. Cdt1 binds to MCM2-7 complex through the region spanning residues 447-620 in Xenopus (16) and residues 407-477 of Cdt1 bind to Mcm6 in mouse (20) . On the basis of the yeast two-hybrid assay we found that the interaction between human Mcm6 and Cdt1 is much stronger than that between Mcm2 and Cdt1. We further demonstrated that the conserved C-terminal domain of the human Mcm6 (residues 707-821) physically interacts with Cdt1 (residues 410-445) (23) . However, the detailed molecular mechanism underlying the chromatin loading of the MCM2-7 complex through Cdt1 remains elusive.
In the present study, we determined the solution complex structure of the Cdt1-Mcm6 binding domains, the C-terminal helix (411-440) of Cdt1 binds to the C-terminal region (708-821) of Mcm6. In vivo studies in S. cerevisiae showed that interruption of this interaction prevented the loading of Mcm2 onto chromatin, inhibited DNA replication, and prevented cell proliferation. Our results reported here provided a structural basis for the Cdt1 mediated MCM2-7 chromatin loading.
MATERIALS AND METHODS

Sample preparation
Human Mcm6 C-terminal Cdt1-binding domain (hCBD) and the Mcm6-binding domain (hMBD) of human Cdt1 were expressed, enriched with 13 C and 15 N stable isotopes in Escherichia coli and purified essentially as described previously (23) .
NMR spectroscopy
NMR spectra were acquired at 37 C on 750-and 500-MHz Varian NMR spectrometers with self-shielded z-axis gradients. All spectra were processed using NMRPipe (24, 25) and analyzed using SPARKY 3 (Goddard and Kneller, University of California, San Francisco, CA, USA). The 1 H, 15 N and 13 C resonances of backbone and side-chain atoms were assigned by using a standard set of triple resonance experiments on either uniformly 15 N, 13 C-labeled hCBD with/without unlabeled MBD or uniformly 15 N, 13 C-labeled hMBD with/without unlabeled hCBD, at protein concentrations of $0.6 mM (26). The hMBD-hCBD complex was prepared at a 1:2 ratio between 15 N, 13 C-labeled and unlabeled components. NOE-derived distance restraints were obtained from 15 Nor 13 C-edited 3D NOESY spectra each with a mixing time of 120 ms, complemented by 13 C-edited, 13 C/ 15 N-filtered 3D NOESY spectra for the intermolecular contact (mixing time: 150 ms) (27) .
NOE analysis and structure calculations
NOE assignment and structure calculations were performed using the program CYANA2.1 (28) for either hMBD or hCBD in the complex form. The initial 250 complex structures of hCBD and hMBD were generated with unambiguous intermolecular NOE restraints by CNS 1.1 (29) . The 100 top scoring complex structures from CNS were further refined with additional chemical shift perturbation data using HADDOCK 1.3 (30) . The quality of the structures was assessed using PROCHECK (31) .
All of the figures representing the structures were generated by Pymol (http://www.pymol.org). The statistics of the structure refinement and the quality of the final structures are summarized in Table 1 for the hMBD/ hCBD complex, Supplementary Table S1 for hMBD.
Binding studies
To investigate the ligand binding, the 2D 1 H-15 N-HSQC spectra were recorded on uniformly 15 N-labeled hMBD ($0.2 mM) in the presence of different concentrations of hCBD ranging from 0 to 1.5 mM. Both the hMBD sample and the stock solutions of hCBD were prepared in the NMR buffer (50 mM sodium phosphate, 50 mM NaCl, 5% glycerol and 1 mM EDTA, pH 7.5). The chemical shift perturbation between the free-form and hCBD-bound hMBD was normalized by the following formula and expressed in ppm:
Chemical shift perturbation ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
where ÁH and ÁN are the differences in chemical shifts of amide protons and nitrogen between the initial and final data points of the titration, respectively.
Site-directed mutagenesis study of the interaction between hCBD-Mcm6 and hMBD-Cdt1
The binding residues were confirmed by site-directed mutagenesis studies based on the information from the chemical shift perturbation experiment. The point mutants A414G, R425A, I426A, R427A, K429A, K433A, Q434A, L435A and Q437A of hCdt1 were expressed in E. coli and purified to homogeneity.
Strains, plasmids and antibodies
The strains and plasmids used in this study were described in Tables 2 and 3 . Anti-Orc3 and anti-Mcm2 antibodies were kind gifts from B. Stillman. Anti-HA antibodies were purchased from Roche.
Cell cycle synchronization and flow cytometry
Cell cycle block and release with a-factor or nocodazole were carried out as described previously (32) . Flow cytometry was performed as previously described (33) . mcm6-td cells (S. cerevisiae) expressing yeast AD-Mcm6 or AD-Mcm6-5A and cdt1-td cells (S. cerevisiae) expressing yeast BD-Cdt1 or BD-Cdt1-3A were synchronized in M phase before being shifted to 37 C for 1 h to degrade the Mcm6-td or Cdt1-td protein. Cells were then released into fresh medium containing a-factor (a-F) at 37 C for 2 h and then released into fresh medium at 37 C.
Chromatin binding assay
The chromatin-binding assay to examine chromatinassociated proteins was performed as previously described (33) . mcm6-td cells (S. cerevisiae) expressing yeast AD-Mcm6 or AD-Mcm6-5A were synchronized in M phase by nocodazole (Noc) and then shifted to 37 C for 1 h to deplete the Mcm6-td protein before being released into G1 phase in fresh medium containing a-factor at 37 C for 2 h. cdt1-td cells containing the plasmid expressing BD-Cdt1 or BD-Cdt1-3A were synchronized in M phase and then shifted to 37 C for 1.5 h before being released into fresh medium containing a-factor at 37 C for 2 h. Samples were taken at 30-min intervals. The chromatin fraction (Chr.) and whole cell extracts (WCE) from the cells were immunoblotted.
Data deposition
Atomic coordinate has been deposited at Protein Data Bank for the Cdt1-Mcm6 complex (code-2LE8).
RESULTS
Mapping the hMcm6 binding sites and determining the structure of hMBD
To circumvent the challenge of studying the large MCM2-7 and Cdt1 protein assembly by X-ray and NMR techniques, we conducted an extensive mapping of the interaction domains of the human MCM-Cdt1 complex. We showed that Cdt1 specifically interacts with Mcm6 (also confirmed in yeast) through Cdt1 410-445, the human Mcm6-binding domain of Cdt1 (hMBD) and Mcm6 708-821, the human Cdt1-binding domain of Mcm6 (hCBD) (23) . To determine the structure of the interacting domains of the human MCM6 and Cdt1 complex (hCBD/hMBD), we first determined the individual structures of hCBD and hMBD by NMR spectroscopy. We previously reported the structure of hCBD W303-1a mcm6-td::URA3 ubr1D::GAL-UBR1::HIS3 YL1208 W303-1a cdt1-td ubr1D::GAL-UBR1::HIS3 leu2::pCM244x3 cdc54Dmcm4-GFP::TRP1 (23) . In this study, we determined the hMBD structure, which adopts an amphipathic a-helical conformation (Figure 1a and b) containing residues 421-432 ( Supplementary Table S1 ). NMR titration experiments ( Figure 2 ) showed that residues of hMBD that displayed large chemical shift changes (>0.08 ppm) corresponded to amino acids on one side of the amphipathic helix formed by residues Asp421, Glu424, Ala428, Lys429, Glu430, Gln432, Lys433 (Figures 1a and b and 2), while residues Leu422, Leu423, Ile426 and Arg427 completely disappeared in the titrated HSQC spectra.
Three-dimensional structure of the hCBD-hMBD complex
To fully characterize this interaction at the atomic level, we determined the structure of the hCBD-hMBD complex which is well-defined by the NMR data (described in details under 'Materials and Methods' section). The 19 lowest energy structures are characterized by good backbone geometry, with no significant restraint violation, and low pairwise rmsd values ( Table 1 ). The structure of hCBD in the complex presents a typical winged helixturn-helix (HTH) fold as previously reported: the canonical three-helix bundle is packed against two short antiparallel b strands. The core region of the hMBD peptide (residues 421-432) adopts a well-defined amphipathic a-helical conformation, whereas the N-and C-terminal flanking residues are flexible and do not display a defined secondary structure (Figure 1c and d) .
The orientation of the peptide is defined by unambiguous intermolecular NOEs (Figure 3 ) and the structure of hCBD was validated by residual dipolar couplings (RDC) (Supplementary Figure S1 ). The size of the protein-peptide binding interface is &1260 Å 2 , indicating relative strong binding, which is consistent with the NMR titration experiment showing an intermediate binding.
Important interactions at the hCBD-hMBD interface
The binding interface of the hCBD-hMBD complex comprises the helix-turn-helix region formed by helix a2, loop2 and helix a3 of hCBD. The hMBD binding site on hCBD is characterized by a hydrophobic surface formed by Ile760, Leu766, Ile767 that engages the hydrophobic residues Leu423, Ile426 and makes van der Waals contacts with the side chains of Lys429 and Lys433 of hMBD. Additionally the basic residues Lys429 and Lys433 of hMBD make a close contact with the acidic residues E757 and E760 of hCBD, suggesting that charge complementarity is a key determinant of the observed hCBD-hMBD interactions (Figure 1e and f) .
Mutagenesis studies of the interaction between hMBD and hCBD
To investigate the structural requirements for the binding of hMBD peptides by independent means, we identified critical residues in the respective interaction motifs by mutational analysis. Guided by the observation in the chemical shift perturbation experiment, we performed site-directed mutagenesis at several amino acid residues of hMBD which are expected to interfere with the binding between hCBD and hMBD. These point mutant peptides A414G, R425A, I426A, R427A, K429A, K433A, Q434A, L435A and Q437A were expressed and purified to homogeneity. However, L422A could not be expressed in E. coli. Pulldown assay (Figure 4a , Supplementary Figure  S2A ) showed that changing residues R425, I426, K429 and K433 to alanines significantly decreased the binding affinity as predicted from the structure. We noted that the interaction is disrupted for the R425A mutant although R425 does not have direct contact with the hMBD in the hCBD/hMBD tertiary structure. We believe that there is a conformational change in the R425A mutant, disrupts the interaction between hCBD and hMBD. On the basis of our previous mutational studies, the residues of hCBD E757, E763 and L766 are crucial for the interaction at the binding interface of the complex. Pulldown assays were also performed using the hMBD mutants. The charged residues R425, R427, K429 and K433 were replaced with neutral (M) and opposite-charged (E) amino acids of similar side chains. The similar results obtained further support that charge complementarity is the key determinant (Supplementary Figure S2B and C) of the Cdt1-Mcm6 interaction. Together, these data demonstrate that the interaction between hCBD and hMBD is highly specific.
The interaction between hMBD and hCBD is crucial for pre-RC assembly and DNA replication
To investigate the biological significance of the Cdt1-Mcm6 interaction through the residues identified by NMR, we disrupted the Cdt1-Mcm6 interaction by introducing the corresponding mutations on the highly conserved MBD-CBD interacting surface in the budding yeast ( Figure 5 ). We constructed yeast mutants bearing the combined E945A, D947A, L951A, E953A and Y954A mutations in the CBD (Mcm6-5A) and the combined R486A, L487A and R490A, alleles in the MBD (Cdt1-3A) ( Figure 5 ). GST retention assay showed that each of the interface surface mutant impaired the interaction between hCdt1 and hMcm6 as predicted by the structure (Figures 4a and 5 , Supplementary Figure S2A and B) and failed to support cell proliferation (Figure 4d and e ). Yeast two-hybrid analysis also showed that Mcm6-5A and Cdt1-3A did not interact with their corresponding wild-type partners (data not shown).
The activation domain-Mcm6 fusion protein (AD-Mcm6) and the DNA binding-domain-Cdt1 fusion protein (BD-Cdt1) expressed from the yeast two-hybrid plasmids are biologically functional. We expressed AD-Mcm6 and AD-MCM6-5A in the mcm6-td (td, temperature-inducible degron) cells, and BD-Cdt1 and BD-Cdt1-3A in cdt1-td cells to examine the effects of Mcm6-5A and Cdt1-3A on cell viability, pre-RC formation and DNA replication. To investigate if the Cdt1-Mcm6 interaction is essential for the assembly of pre-RC, we examined the chromatin association of pre-RC proteins during the M-to-G1 transition in cells expressing the AD-Mcm6-5A mutant at 37 C when the Mcm6-td protein is depleted. The results showed that in cells expressing the wild-type AD-Mcm6, Mcm2 was loaded onto chromatin at 30 min after release from the M-phase block (Figure 4b) . In contrast, AD-Mcm6-5A did not support pre-RC formation as shown by the absence of Mcm2 on chromatin in G1 phase cells (Figure 4b) . Similarly, BD-Cdt1 but not BD-Cdt1-3A supported pre-RC formation (Figure 4c ).
To investigate if Mcm6-5A is defective for DNA replication, the DNA content of mcm6-td cells expressing AD-Mcm6 or AD-Mcm6-5A after G1 arrest-and-release was studied. The cells expressing AD-Mcm6 replicated their DNA normally after the Mcm6-td protein was depleted (Figure 4d ). In contrast, cells expressing the AD-Mcm6-5A mutant did not replicate their DNA as evident from their failure to traverse S phase, even though budding progressed normally (Figure 4d ). Similar results were obtained in Cdt1-depleted cells expressing BD-Cdt1-3A (Figure 4e ). Therefore, mutations on the interface surface that disrupted the Cdt1-Mcm6 interaction prevented pre-RC formation, DNA replication and cell proliferation. Together, these results demonstrated that the residues identified from the hMBD-hCBD complex structure indeed mediate MCM2-7 chromatin loading through the C-terminal interaction of Cdt1 and Mcm6.
DISCUSSION
In this study, we determined the atomic structure of the conserved C-terminal domain of human Mcm6 in complex with the C-terminal region of Cdt1 by NMR spectroscopy and identified the residues which are crucial for pre-RC assembly in DNA replication. Our structural and functional analyses in conjunction with previous studies showed that Mcm6-Cdt1 interaction played a major role in Cdt1-mediated MCM2-7 chromatin loading, a critical and precisely regulated event during the initiation of replication in eukaryotes.
Structural studies showed that the C-terminus of human Cdt1, the human Mcm6 binding domain (hMBD), adopts an amphipathic a-helical conformation in the hCBD-hMBD complex. The hCBD bears a winged-helix fold that consists of a helix-turn-helix (HTH) motif followed by the wing (b-loop-b) motif. The hCBD binds to one side of hMBD through the HTH region (helix a2-loop2-helix a3). Structural analysis on the binding surface show that residues Ile760, Leu766 and Ile767 of hCBD make hydrophobic contributions to the complex through interaction with residues Leu423, and Ile426 of hMBD. In addition, the acidic residues of E757 and E760 of hCBD engage in close contacts with the side chains of Lys429 and Lys433 of hMBD, suggesting that charge complementarity is essential for the hCBD-hMBD interactions.
To verify the binding mode for the observed interactions in hCBD-hMBD complex, the structure-based site-directed mutagenesis study was performed on the residues located on the binding surface. The GST pull-down assay indicates that the point mutant R425A, I426A, K429A and K433A significantly decreased the binding affinity. Previous studies showed that point mutations of residues Leu766, E757 and E760 on hCBD significantly reduced the binding between hCBD and hMBD. In our previous work we found that the interaction between human Mcm6 and Cdt1 is much stronger than that between Mcm2 and Cdt1 (23) . Based on the alignment of the WH domains of the MCM proteins ( Supplementary Figure S3 ), the charged residues of Mcm6 required for Cdt1 binding (E757 and E760) are not conserved among the MCM proteins, consistent with the observation that Cdt1 only interacts strongly with Mcm6. These results together confirmed the strong and specific interactions in hCBD-hMBD complex.
Disrupting the Cdt1-Mcm6 interaction in budding yeast by the Cdt1-3A or Mcm6-5A mutants prevented pre-RC formation and resulted in DNA replication defect. The sequence conservation of these two domains suggests that the mutated residues play an important and evolutionarily conserved role in the loading of the MCM2-7 complex during DNA replication licensing in eukaryotes. The conserved binding residues among different species underscore the biological significance of this interaction.
Current information suggests that the MCM2-7 helicase is recruited to ORC by tethering Cdt1 to Orc6 during pre-RC formation (35) . The spacing and orientation of the Cdt1-Mcm6 interaction domains determined here provide further insight into the loading mechanism of the MCM2-7 helicase. Because Cdt1 interacts with Mcm6 via their C-terminal regions, the MCM2-7 complex must be loaded with its C-terminal end facing ORC ( Figure 6 ). Furthermore, the position of the Cdt1 binding site on the extreme C-terminal region of the MCM2-7 hexamer suggests that the two Cdt1-binding sites on a single Orc6 are too close to accommodate the independent loading of two MCM2-7 hexamers by two Orc6-bound Cdt1 (36) . The spatial constraint suggested by our structure supports alternative loading mechanisms such as the loading of the head-to-head MCM2-7 double hexamer by a single Cdt1 or the independent loading of the MCM2-7 hexamer by two Cdt1 associated with a dimeric ORC.
Structural information related to the MCM protein family is accumulating, including the crystal structures of the N-terminal domains of MthMCM (10) and SsoMCM (37) , the low resolution three-dimensional electron microscopy (EM) reconstructions of the full-length MthMCM (38) (39) (40) and the near full length SsoMCM (41) as well as the EM structures of MCM2-7 complex of yeast proteins (11, 12) and Drosophila melanogaster (7) . Numerous structural studies on the key residues and the relevant region of Cdt1 that bind the MCM proteins have been reported (42, 43) . However, none of these studies provided detailed structural information on the Cdt1-mediated MCM2-7 chromatin loading. We believe that the complex structure presented here uniquely provides mechanistic insights for the Cdt1mediated MCM2-7 chromatin loading.
In conclusion, we present the solution structure of hCBD/hMBD complex by NMR spectroscopy and identified the interacting residues of Mcm6 and Cdt1 essential for the chromatin loading of the MCM2-7 hexamer in the initiation of DNA replication. Our results provide in molecular detail a structural basis for the essential role of Cdt1 in loading the MCM2-7 complex onto chromatin during pre-RC assembly.
